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Abbreviations {#feb212142-sec-0001}
=============

**AFM**, atomic force microscopic

**CSA**, chondroitin‐4‐sulfate

**DPD**, dissipative particle dynamics

**FENE**, finitely extensible nonlinear elastic

**GPCR**, G‐protein‐coupled receptors

**HEV**, human endothelial venules

**ICAM 1**, intercellular adhesion molecule 1

**KAHRP**, knob‐associated histidine‐rich protein

**MPCD**, multiparticle collision dynamics

**PfEMP1**, *Plasmodium falciparum* erythrocyte membrane protein 1

**Pf**, *Plasmodium falciparum*

**PSGL‐1**, P‐selectin glycoprotein ligand‐1

**SEM**, scanning electron microscopy

**TSP**, thrombosporin

 {#feb212142-sec-0002}

A drop of blood (10 μL) contains an estimated 50 million erythrocytes and approximately 5000 leukocytes, among other cells. Both red and white blood cells are easy to spot under the microscope because of their difference in color and shape. Erythrocytes are red and are shaped in the form of a biconcave discoid, whereas leukocytes are colorless and have a spherical appearance. The distinct colors and shapes are a reflection of their different biological functions. Erythrocytes are part of the respiratory and circulatory system, carrying oxygen in a complex with the red chromophore hemoglobin from the lung to the periphery of the body. Leukocytes are cells of the immune system and are involved in controlling infections and removing foreign antigens.

Leukocytes usually move passively with the blood flow. However, in response to an inflammatory stimulus, they can roll along the microvascular endothelium and, eventually, firmly adhere (Fig. [1](#feb212142-fig-0001){ref-type="fig"}) [1](#feb212142-bib-0001){ref-type="ref"}. Leukocytes then migrate over the endothelium until they extravasate into the surrounding tissue, where they home in on infections [2](#feb212142-bib-0002){ref-type="ref"}. In comparison, erythrocytes do not adhere to the endothelial lining under normal physiological conditions. The exceptions are sickle cell erythrocytes that can adhere to postcapillary venule endothelium, a condition that is associated with vaso‐occlusive pain [3](#feb212142-bib-0003){ref-type="ref"}. Erythrocytes stay in circulation until they are cleared by the reticuloendothelial system of the spleen and liver after an average lifetime of 120 days.

![Schematic illustration of the adhesive phenotypes displayed by *P. falciparum*‐infected erythrocytes and leukocytes. Selected receptor and ligand pairs are shown.](FEB2-590-1955-g001){#feb212142-fig-0001}

The rheological properties of erythrocytes dramatically change upon infection with the human malaria parasite *Plasmodium falciparum*. Now erythrocytes acquire adhesive properties mediated by parasite‐encoded adhesins that are presented on the host cell surface in knob‐like protrusions (Fig. [1](#feb212142-fig-0001){ref-type="fig"}) [4](#feb212142-bib-0004){ref-type="ref"}, [5](#feb212142-bib-0005){ref-type="ref"}. Strikingly, the cytoadherence of parasitized erythrocytes mimics the way leukocytes adhere (Table [1](#feb212142-tbl-0001){ref-type="table-wrap"}) [6](#feb212142-bib-0006){ref-type="ref"}. Leukocytes are covered with hundreds of microvilli that carry adhesins such as L‐selectin on their tips [1](#feb212142-bib-0001){ref-type="ref"}. These adhesins interact with receptors on the surface of vascular endothelial cells, leading to cytoadhesive events that phenotypically resemble the rolling and firm adhesion displayed by *P. falciparum*‐infected erythrocytes [1](#feb212142-bib-0001){ref-type="ref"}, [6](#feb212142-bib-0006){ref-type="ref"}. Thus, both infected erythrocytes and leukocytes use localized and elevated adhesive domains to adhere to vessel walls. Another similarity is the use of tension‐enhanced adhesion systems [7](#feb212142-bib-0007){ref-type="ref"}, [8](#feb212142-bib-0008){ref-type="ref"}. However, in marked contrast to parasitized erythrocytes, cytoadherence of leukocytes is cooperative with the endothelium and leads to extravasation rather than sustained adhesion as is seen for *P. falciparum*‐infected erythrocytes.

###### 

Comparison of cytoadhesion of leukocytes and *P. falciparum*‐infected erythrocytes

                                                       Leukocytes                                        Pf‐infected erythrocytes
  ---------------------------------------------------- ------------------------------------------------- -------------------------------------------------------------------------------------------------------
  Adhesive structures                                  100s of microvilli, each 300 nm high              10 000s of knobs, each 20 nm high
  Mechanics of adhesive structure                      Viscoelastic, elongates under shear flow          Compact and stiff
  Cell size, shape, and mechanics                      Diameter 8--30 μm; spherical; flexible envelope   Diameter 6.2--8.2 μm; varies between biconcave and round, but not perfectly spherical; stiff envelope
  Molecular system                                     Mainly selectins, very specific ligands on HEV    PfEMP‐1, broad range of receptors specific to distinct microvascular beds
  On‐set of adhesion                                   Activated by chemokines, GPCR                     Developmentally controlled, commences 16 h post invasion until end of replicative cycle
  Interplay with endothelium                           Inside out signaling to recruit leukocytes        Contact‐dependent intracellular signaling; clustering and activation of host adhesion receptors
  Movement during cytoadhesion under flow conditions   Rolling on HEV                                    Sometimes rolling, but often irregular movement with flipping, depending on life cycle
  Biological purpose                                   Preface to extravasation                          Evasion of splenic clearance

GPCR, G‐protein‐coupled receptors; HEV, human endothelial venules; Pf, *Plasmodium falciparum*.
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In this review, we discuss the similarities and differences between cytoadhesion in these two medically important cellular systems. In [Cytoadhesion: a molecular perspective](#feb212142-sec-0003){ref-type="sec"}, we will briefly introduce the molecular players mediating cytoadhesion of *P. falciparum*‐infected erythrocytes and leukocytes to endothelial cells. For a comprehensive review of the interacting receptor--ligand pairs, we refer the interested reader to specialized literature on this topic [1](#feb212142-bib-0001){ref-type="ref"}, [5](#feb212142-bib-0005){ref-type="ref"}, [9](#feb212142-bib-0009){ref-type="ref"}, [10](#feb212142-bib-0010){ref-type="ref"}. In [Biophysics of adhesive bonds: slip or catch](#feb212142-sec-0006){ref-type="sec"}, we will discuss the phenomenon of tensile force‐enhanced cytoadhesion. [Adhesive dynamics of white blood cells](#feb212142-sec-0007){ref-type="sec"} and [Adhesive dynamics of *P. falciparum*‐infected erythrocytes](#feb212142-sec-0008){ref-type="sec"} will deal with the dynamic of cytoadhesion and how mathematical modeling and simulation can help us understand the mechano‐physical and biophysical principles underpinning cytoadhesion in flow. In particular, we will explain the reason for placing adhesins in structures elevated above the cell surface. We close with a discussion of the similarities and differences between the two systems and an outlook on open issues that should be addressed in the future.

Cytoadhesion: a molecular perspective {#feb212142-sec-0003}
=====================================

Pathology and cytoadhesion during a *P. falciparum* infection {#feb212142-sec-0004}
-------------------------------------------------------------

Malaria remains a leading cause of morbidity and mortality in many developing countries. According to the world malaria report of 2014, there were 198 million cases of malaria in 2013 and 584 000 deaths [11](#feb212142-bib-0011){ref-type="ref"}. Of the five Plasmodium species that can cause malaria in humans, *P. falciparum* is the most virulent and deadly form, being responsible for most of the malaria‐associated deaths. *P. falciparum* is transmitted to humans by the bite of an infected *Anopheles* mosquito. Sporozoites released into the skin enter blood vessels and are carried with the blood flow to the liver where they invade hepatocytes. An infected hepatocyte can give rise to more than 10 000 daughter cells, termed merozoites, which are released into the blood stream where they infect erythrocytes. After 48 h the infected erythrocyte bursts, releasing typically 16 or 32 merozoites that then again infect erythrocytes, thereby establishing the intraerythrocytic life cycle. In extreme cases, 40% of the approximately 2.6 × 10^13^ erythrocytes of an adult malaria patient can be infected by parasites. The entire life cycle is completed when an Anopheles mosquito takes up sexual stages during a blood meal.

The asexual intraerythrocytic stages of *P. falciparum* are responsible for much of the pathology associated with malaria, whereas the liver stages are asymptomatic [12](#feb212142-bib-0012){ref-type="ref"}. The virulence of the asexual blood stages is largely due to the fact that the parasite alters the rheological and morphological properties of the infected erythrocyte. Uninfected erythrocytes move in the middle of the blood vessel where the flow velocity is maximum, leaving a rim around the vessel wall free of cells [13](#feb212142-bib-0013){ref-type="ref"}. This phenomenon can be explained by the Magnus effect. As soon as a cell moves out of the central part of the capillary the velocity gradient causes it to spin. The cell will then feel a force perpendicular to the flow direction and the rotational axis, which forces it back to the central region [13](#feb212142-bib-0013){ref-type="ref"}. *P. falciparum*‐infected erythrocytes also move with the blood flow but only for the first hours post invasion. After 16--20 h post invasion, they acquire adhesive properties and sequester in the deep microvascular bed of inner organs, including lung and brain [12](#feb212142-bib-0012){ref-type="ref"}. By sequestering in the microvasculature, parasitized erythrocytes avoid passage through the spleen and, hence, elimination by splenic clearance mechanisms that remove senescent and infected erythrocytes from circulation. Cytoadhesion is part of the parasite\'s strategy to colonize its host. However, it causes severe disease [12](#feb212142-bib-0012){ref-type="ref"}. The pathological sequelae that develop in the affected blood vessels include obstruction of microvascular blood flow, disturbed tissue perfusion, hypoxia, and systemic microvascularitis that can progress to life‐threatening complications, as presented by patients suffering from cerebral malaria [12](#feb212142-bib-0012){ref-type="ref"}, [14](#feb212142-bib-0014){ref-type="ref"}.

Cytoadhesion is mediated by a family of parasite‐encoded immuno‐variant adhesins collectively called *Plasmodium falciparum* erythrocyte membrane protein 1 (PfEMP1). PfEMP1 proteins can be classified into different groups based on domain architecture and functional specialization for interaction with particular host receptors [10](#feb212142-bib-0010){ref-type="ref"}. While the majority of the 60 PfEMP1 variants encoded in the haploid *P. falciparum* genome have unique binding properties, a few PfEMP1 variants can interact with several host cell receptors, for example, CD36 and ICAM‐1 [10](#feb212142-bib-0010){ref-type="ref"}. Collectively, PfEMP1 proteins can interact with a broad range of receptors, including CD36, intercellular adhesion molecule 1 (ICAM 1), and P‐selectin [4](#feb212142-bib-0004){ref-type="ref"}, [5](#feb212142-bib-0005){ref-type="ref"}. In addition, a certain PfEMP1 variant can mediate attachment of parasitized erythrocytes to chondroitin‐4‐sulfate (CSA), a component of the proteoglycan matrix present in the intervillous space and moderately on the syncytiotrophoblast cell layer of the human placenta [15](#feb212142-bib-0015){ref-type="ref"}, [16](#feb212142-bib-0016){ref-type="ref"}, [17](#feb212142-bib-0017){ref-type="ref"}, [18](#feb212142-bib-0018){ref-type="ref"}, [19](#feb212142-bib-0019){ref-type="ref"}. Other parasite‐encoded factors implicated in cytoadhesive events include the RIFINS and STEVOR immunovariant antigens that are thought to mediate rosetting of infected erythrocytes with uninfected erythrocytes [20](#feb212142-bib-0020){ref-type="ref"}, [21](#feb212142-bib-0021){ref-type="ref"}.

For effective cytoadhesion, the major adhesin molecule PfEMP1 needs to be placed in parasite‐induced knob‐like protrusions on the erythrocyte plasma membrane (Figs [1](#feb212142-fig-0001){ref-type="fig"} and [2](#feb212142-fig-0002){ref-type="fig"}). Knobs have a typical height of 20 nm and there can be as many as 10 000 knobs on the surface of a mature infected erythrocyte [22](#feb212142-bib-0022){ref-type="ref"}. Knobs consist of several parasite and host factors. The major constituent is the knob‐associated histidine‐rich protein (KAHRP) [23](#feb212142-bib-0023){ref-type="ref"}. This protein is encoded by the parasite and trafficked into the host erythrocyte cytoplasm. KAHRP expression is essential for cytoadhesion of parasitized erythrocytes, as demonstrated in parasite lines deficient in the *kahrp* gene [24](#feb212142-bib-0024){ref-type="ref"}. These *kahrp*‐deficient lines do not form knobs and the corresponding infected erythrocytes do not cytoadhere in flow, although they present PfEMP1 on the surface, suggesting that the display of PfEMP1 in knobs is critical for productive cytoadhesive interactions [24](#feb212142-bib-0024){ref-type="ref"}. KAHRP contains several protein‐binding domains and is known to interact with both parasite and host factors to form knobs and the cytoadhesion complex (Fig. [2](#feb212142-fig-0002){ref-type="fig"}). For instance, KAHRP interacts with several membrane skeletal proteins of the host erythrocyte, including spectrin, actin, ankyrin R, and spectrin--actin band 4.1 complex [25](#feb212142-bib-0025){ref-type="ref"}, [26](#feb212142-bib-0026){ref-type="ref"}, [27](#feb212142-bib-0027){ref-type="ref"}, [28](#feb212142-bib-0028){ref-type="ref"}. The ankyrin R and spectrin‐binding domains have been mapped to amino acids 285--362 and 370--441, respectively [25](#feb212142-bib-0025){ref-type="ref"}, [26](#feb212142-bib-0026){ref-type="ref"}; the actin‐binding domain is contained within residues 253--524 and most likely corresponds to the 5′ repeat unit [28](#feb212142-bib-0028){ref-type="ref"}, [29](#feb212142-bib-0029){ref-type="ref"}. KAHRP further self‐aggregates possibly via the 5′ repeat unit and it can bind to the C‐terminal cytoplasmic domain of PfEMP1 via one of two domains: the His‐rich domain from residue 60--123 and the domain from residues 359--441 [26](#feb212142-bib-0026){ref-type="ref"}, [28](#feb212142-bib-0028){ref-type="ref"}, [30](#feb212142-bib-0030){ref-type="ref"}, [31](#feb212142-bib-0031){ref-type="ref"}, [32](#feb212142-bib-0032){ref-type="ref"}. PfEMP1 itself is linked to the spectrin network via PHIST proteins, with members of the PHIST family interacting with PfEMP1 proteins in a variant‐specific manner (Fig. [2](#feb212142-fig-0002){ref-type="fig"}) [33](#feb212142-bib-0033){ref-type="ref"}.

![Schematic illustration of the knob structure of *P. falciparum*‐infected erythrocytes. Proximity between two elements indicates empirically determined interactions. PFE1605w is a member of the PHIST family that link the cytoplasmic domain of PfEMP1 in a variant‐specific manner to spectrin [33](#feb212142-bib-0033){ref-type="ref"}.](FEB2-590-1955-g002){#feb212142-fig-0002}

The interaction of both PfEMP1 and KAHRP with components of the membrane skeleton, but possibly also with parasite‐induced long actin filaments (Fig. [2](#feb212142-fig-0002){ref-type="fig"}) [34](#feb212142-bib-0034){ref-type="ref"}, may provide the mechanical support for binding of PfEMP1 to endothelial surface receptors under flow conditions. Further mechanical support may be provided by a spiral structure of hitherto unknown nature, underlying the knobs [35](#feb212142-bib-0035){ref-type="ref"}. The spiral structure may further contribute to the enhanced rigidity of the erythrocyte plasma membrane [35](#feb212142-bib-0035){ref-type="ref"}.

Cytoadhesion of leukocytes {#feb212142-sec-0005}
--------------------------

Rolling adhesion of leukocytes can be seen *in vivo* as the first step toward extravasation during an acute inflammation [1](#feb212142-bib-0001){ref-type="ref"}, [36](#feb212142-bib-0036){ref-type="ref"}, [37](#feb212142-bib-0037){ref-type="ref"}. Initial contact is established through a system of three selectin receptors: L‐selectin is localized at the tips of the leukocyte microvilli and binds to sulfated sialyl‐Lewis X‐like sugars (e.g., PNAd) in high endothelial venules of the endothelium. P‐ and E‐selectin are activated in inflamed endothelium and bind to partners, such as P‐selectin glycoprotein ligand‐1 (PSGL‐1), which are also localized at the tips of the leukocyte microvilli (Fig. [1](#feb212142-fig-0001){ref-type="fig"}) [1](#feb212142-bib-0001){ref-type="ref"}, [38](#feb212142-bib-0038){ref-type="ref"}. Some integrins, such as α~4~β~7~ and α~4~β~1~, also contribute to rolling adhesion. One essential aspect of rolling is that it exposes the leukocytes to chemoattractant signals, such as the chemokine IL‐8 that then activates G‐protein‐coupled receptors (GPCR) [36](#feb212142-bib-0036){ref-type="ref"}, [37](#feb212142-bib-0037){ref-type="ref"}. This, in turn, leads to an inside‐out activation of β~2~ or α~4~‐integrins that establishes firm adhesion by binding to endothelial immunoglobins. The most prominent integrins in this context are LFA‐1 (α~L~β~2~) or Mac‐1 (α~M~β~2~) that can bind to ICAM‐1 or ICAM‐2 presented on the surface of endothelial cells (Fig. [1](#feb212142-fig-0001){ref-type="fig"}). There are hundreds of microvilli on a leukocyte with a typical height of 300 nm. In marked contrast to the knobs on infected erythrocytes, the microvilli of leukocytes can strongly increase their length under force, due to visoelastic flow in the membrane and the cytoskeleton [39](#feb212142-bib-0039){ref-type="ref"}. Once firmly attached, the leukocytes start to migrate along the endothelium in order to induce the extravasation process that usually proceeds in cooperativity with the endothelial cells at cell--cell boundaries (paracellular route). However, there is also a second mode of extravasation, in which leukocytes simply cross endothelial cells through their cell body (transcellular route). Both processes require tight regulation of the actin cytoskeleton [40](#feb212142-bib-0040){ref-type="ref"}. While rolling adhesion can be reconstituted easily in flow chambers, the study of extravasation requires more complex coculture assays or intravital microscopy.

Biophysics of adhesive bonds: slip or catch {#feb212142-sec-0006}
===========================================

Adhesive bonds are formed by noncovalent interactions between a receptor and a ligand. In a coarse‐grained description, the dissociation of such noncovalent bonds can be understood from Kramers reaction rate theory. The potential minimum of such a receptor--ligand bond corresponds to the bound state, and dissociation occurs by crossing the transition‐state barrier. The rate of dissociation can be written from Kramers theory as $k_{off}^{0} \sim \exp{( - \Delta E/k_{B}T)}$, where Δ*E* represents the energy barrier height and *x* ~*c*~ is the distance between the potential minimum and the transition point. This means that the dissociation rate increases with decreasing barrier height Δ*E* (compare the energy landscape sketched in Fig. [3](#feb212142-fig-0003){ref-type="fig"}A). In 1978, George Bell formulated a model [41](#feb212142-bib-0041){ref-type="ref"}, which was later refined by Evans and Ritchie [42](#feb212142-bib-0042){ref-type="ref"}, describing the dissociation rate of molecular bonds in the presence of an external force. The application of an external force *f* lowers the potential well to a new barrier height Δ*E* − *fx* ~c~. Thus, the new rate of dissociation becomes *k* ~off~ ∼ exp(−(Δ*E* − *fx* ~c~)/*k* ~B~ *T*), which leads to $k_{off} = k_{off}^{0}\,\exp{(fx_{c}/k_{B}T)}$. Due to the exponential relation, a small increase in force can strongly increase the dissociation rate. The bonds that become short‐lived under external tensile force are called *slip bonds* [43](#feb212142-bib-0043){ref-type="ref"} (Fig. [3](#feb212142-fig-0003){ref-type="fig"}B). This concept has been confirmed for many receptor--ligand pairs using dynamic force spectroscopy [44](#feb212142-bib-0044){ref-type="ref"}. In such experiments, the bonds are loaded by a dynamic ramp of force (which is easier to control than a constant force). From dynamic force spectroscopy measurements, the most probable rupture forces were shown to depend linearly on the logarithm of the loading rate, as expected from the Kramers--Bell--Evans model and as initially validated for biotin--streptavidin and biotin--avidin bonds [44](#feb212142-bib-0044){ref-type="ref"}.

![Slip bonds versus catch bonds. (A) Energy (*E*) landscape of a noncovalent receptor--ligand bond. The bound state corresponds to a metastable minimum separated from the unbound state by a transition state barrier of height Δ*E*. *x* ~*c*~ denotes the reactive compliance. Application of force, *f*, decreases the height of the barrier height to Δ*E* − *fx* ~*c*~ and therefore increases the dissociation rate. (B) As a result, the life time of the slip bond decreases when stressed by a tensile force. (C) In contrast, the lifetime of a catch‐slip bond initially increases with tensile force before it decreases at higher forces.](FEB2-590-1955-g003){#feb212142-fig-0003}

Interestingly, not all receptor--ligand pairs behave as slip bonds. Some bonds are enhanced by tensile force and are referred to as *catch bonds* [45](#feb212142-bib-0045){ref-type="ref"}, [46](#feb212142-bib-0046){ref-type="ref"}. The concept of catch bonds was first introduced as a theoretical consideration by Dembo *et al*. [43](#feb212142-bib-0043){ref-type="ref"} and is explained by an increase in the bond\'s lifetime with increasing loading. Given that every bond slips at very high forces, a pure catch bond is not possible and one rather deals with a *catch‐slip bond* that is long‐lived at intermediate forces (Fig. [3](#feb212142-fig-0003){ref-type="fig"}C). Enhancement of adhesion in shear flow in the case of bacteria [47](#feb212142-bib-0047){ref-type="ref"}, [48](#feb212142-bib-0048){ref-type="ref"} and in the case of leukocytes [49](#feb212142-bib-0049){ref-type="ref"} supports the possibility of catch bond behavior at the cellular level. The first direct observation of catch‐slip bonds at the molecular level came from atomic force microscopic (AFM) measurements in which Marshall *et al*. [7](#feb212142-bib-0007){ref-type="ref"} measured lifetimes of L‐selectin/PSGL‐1 bonds under conditions of external loading. Off‐rates of L‐selectin and PSGL‐1 bonds were also estimated in flow chamber experiments using L‐selectin‐coated microspheres [50](#feb212142-bib-0050){ref-type="ref"}. Off‐rates were measured for two sizes of microspheres in the presence and absence of ficoll, a sugar that increases the viscosity of the medium and, therefore, the hydrodynamic force. It was found that the catch bond behavior of L‐selectin and PSGL‐1 bonds is responsible for shear‐enhanced adhesion. Catch bond behavior is also observed in actomyosin bonds, with maximum bond lifetime at around 6 pN below which the bond lifetime decreases [51](#feb212142-bib-0051){ref-type="ref"}. Other examples of catch bond behavior include FimH‐mediated adhesion of *E. coli* bacteria [52](#feb212142-bib-0052){ref-type="ref"} and the cell‐matrix adhesion receptor integrin α~5~β~1~ [53](#feb212142-bib-0053){ref-type="ref"}.

Different biological systems might have evolved different molecular mechanisms for catch bonding. Also different theoretical models have been suggested in this context. For instance, the deformation model suggests that application of an external force optimizes the relative position of the receptor and the ligand to one another, which, in turn, is believed to increase the binding strength [54](#feb212142-bib-0054){ref-type="ref"}. Other models evoke allosteric effects or sliding and rebinding of bonds when stressed by a tensile force [55](#feb212142-bib-0055){ref-type="ref"}, [56](#feb212142-bib-0056){ref-type="ref"}, [57](#feb212142-bib-0057){ref-type="ref"}, [58](#feb212142-bib-0058){ref-type="ref"}, [59](#feb212142-bib-0059){ref-type="ref"}. The two‐pathway model takes kinetic aspects into consideration, by proposing that the molecular bond has two pathways for dissociation, one with a high‐energy barrier and another one with a low‐energy barrier [60](#feb212142-bib-0060){ref-type="ref"}, [61](#feb212142-bib-0061){ref-type="ref"}, [62](#feb212142-bib-0062){ref-type="ref"}, [63](#feb212142-bib-0063){ref-type="ref"}.

Adhesive dynamics of white blood cells {#feb212142-sec-0007}
======================================

Leukocyte rolling has been studied *in vitro* using flow chamber experiments where rolling of leukocytes was examined on culture dishes and artificial lipid bilayers coated with appropriate ligands. It was found that the dissociation rate of the P‐selectin‐glycoprotein ligand bond increases with tensile force, indicative of a slip bond, making the P‐selectin--glycoprotein ligand interaction suitable for rolling adhesion [64](#feb212142-bib-0064){ref-type="ref"}, [65](#feb212142-bib-0065){ref-type="ref"}. In comparison, L‐selectin‐mediated adhesion involves a shear threshold, indicative of a catch bond, and only at high tensile force does the bond behave like a slip bond [50](#feb212142-bib-0050){ref-type="ref"}, [66](#feb212142-bib-0066){ref-type="ref"}.

Catch bonds can be considered as hydrodynamic sensors. Like sites of trauma, sites of inflammation are characterized by vasodilation and increased shear flow. The biological purpose of catch bonds, therefore, seems to be to facilitate the adhesion of leukocytes exactly where it is needed.

Modeling adhesion of white blood cells centers around two key aspects: hydrodynamics and bond kinetics, which together are referred to as *adhesive dynamics*. The first to address this issue were Hammer and Apte, who took a reductionist approach by assuming that leukocytes are ideal spheres homogenously covered with receptors and that the interacting ligands are homogenously distributed on a planar surface [67](#feb212142-bib-0067){ref-type="ref"}, [68](#feb212142-bib-0068){ref-type="ref"}, [69](#feb212142-bib-0069){ref-type="ref"}. A more refined version of the model was developed by Korn and Schwarz [70](#feb212142-bib-0070){ref-type="ref"} who incorporated explicit positions for receptors and ligands. The adhesion dynamics was simulated using a Langevin equation: $$\partial_{t}X{(t)} = u^{\infty} + M{\{\mathbf{F}_{D} + \mathbf{F}_{S}\}} + k_{B}T\nabla M + \mathit{\xi}{(t)}$$where *X*(*t*) is a six‐dimensional vector for both position and orientation. Here, the generalized force, *F*, includes both the force and the torque. The terms **F** ~D~ and **F** ~S~ are direct and shear forces, respectively. The direct forces include gravitational force and receptor--ligand bond forces. The 6 × 6‐dimensional mobility matrix M converts forces into velocities and *u* ^∞^ is the unperturbed flow velocity. The stochastic random force, ξ(*t*), represents the thermal forces from the environment, which are crucial to bring spatially resolved receptors and ligands into binding range. The spurious drift term with the spatial derivative ∇*M* ensures that the stochastic dynamics satisfy the requirements of equilibrium physics. In the case of a sphere in unbounded flow, the mobility matrix becomes position independent, eliminating the drift term, ∇*M*. The ligand--receptor bond forms when the distance between ligand and receptor is less than the capture radius, *r* ~0~, with a probability 1 − exp(−*κ* ~on~Δ*t*), where *κ* ~on~ is the on‐rate. The dissociation of the bond is implemented via the Bell equation and occurs with a probability of 1 − exp(−*κ* ~off~Δ*t*), where $\mathit{\kappa}_{off}^{0}$ is the unstressed off‐rate and $\mathit{\kappa}_{off} = \mathit{\kappa}_{off}^{0}\exp{(F/F_{d})}$. Here, *F* ~d~ is the detachment force scale that can be estimated directly from flow chamber experiments [71](#feb212142-bib-0071){ref-type="ref"}.

Adhesive dynamics is able to reproduce different dynamical states, such as rolling adhesion, firm adhesion, and transient adhesion. When systematically varying the model parameters, the model allows phase diagrams to be constructed, for example, as a function of molecular association and dissociation rates [72](#feb212142-bib-0072){ref-type="ref"} (Fig. [4](#feb212142-fig-0004){ref-type="fig"}). The different phases correspond to different characteristics of the individual cell trajectories. During free motion both translational and angular velocities change only in a smooth manner and no interactions occur between the cell and the substrate. Firm adhesion is achieved when the cell is firmly attached to the substrate, thus translational and rotational velocities are almost zero. During both transient and rolling adhesion, the cell moves along the substrate by constantly forming new bonds at the front end and breaking the old bonds at the rear end. This leads to strong variations in the velocities. Translation and rotation are synchronized in the case of rolling adhesion, while they are more variable and more decoupled for transient adhesion. The on--off state diagram depicted in Fig. [4](#feb212142-fig-0004){ref-type="fig"} depends on many other parameters, including the receptor--ligand kinetics, the viscosity of the medium, and receptor and ligand density. For example, increases in viscosity leads to a more stable rolling at the expense of firm adhesion, leaving free motion and transient adhesion unchanged. Particularly, the receptor and ligand density strongly affects the cytoadherence efficiency [38](#feb212142-bib-0038){ref-type="ref"}, [70](#feb212142-bib-0070){ref-type="ref"}. Simulation further revealed that the binding efficiency is significantly increased if the receptors are elevated above the cell surface [70](#feb212142-bib-0070){ref-type="ref"}. The physical reason is that hydrodynamic flow becomes slowed down toward the cell surface. Protrusions are, therefore, exposed to larger flows and can sample more environmental space than the cell surface. This might explain why the adhesion receptors are placed at the tip of microvilli in leukocytes and why the adhesin PfEMP1 is presented in knob‐like protrusions on the surface of *P. falciparum*‐infected erythrocytes. However, leukocytes with their microvilli of 300 nm in height seem to exploit this principle to a larger extent than do infected erythrocytes where knobs are only a moderate 20 nm in height. However, the large number of ten thousands of knobs as opposed to hundreds of microvilli per cell might compensate for the inferior height.

![Phase diagram of adhesive dynamics with representative trajectories. Computer simulations can be used to predict how adhesive cells, such as leukocytes or infected red blood cells, move in hydrodynamic shear flow above a wall [69](#feb212142-bib-0069){ref-type="ref"}, [70](#feb212142-bib-0070){ref-type="ref"}. As a function of molecular association rate (*x*‐axis) and dissociation rate (*y*‐axis), one typically finds the four different regimes as shown here. Free motion is characterized by smooth changes in translational and angular velocities. At lower dissociation rates, transient adhesion occurs, with repeated binding and unbinding leading to strongly variable trajectories. Rolling is characterized by synchronization of translation and rotation and occurs for a high association rate and an intermediate dissociation rate, for example, as is seen for selectin‐mediated adhesion of leukocytes. Firm adhesion with low translational and rotational velocities occurs for low dissociation rates, which corresponds to adhesion through activated integrins.](FEB2-590-1955-g004){#feb212142-fig-0004}

Adhesive dynamics has also been used to investigate the importance of thermal fluctuations at both low and high shear rates on adhesive behaviors [73](#feb212142-bib-0073){ref-type="ref"}. Moreover, adhesive dynamics can be applied to other systems, for example, to adhesion of tumor cells [74](#feb212142-bib-0074){ref-type="ref"}, [75](#feb212142-bib-0075){ref-type="ref"}. The model was also used to study a two receptor system [76](#feb212142-bib-0076){ref-type="ref"} and catch‐slip bond behavior [77](#feb212142-bib-0077){ref-type="ref"}, explaining the shear threshold nature of leukocyte cytoadhesion [50](#feb212142-bib-0050){ref-type="ref"}.

Adhesive dynamics of *P. falciparum*‐infected erythrocytes {#feb212142-sec-0008}
==========================================================

Cytoadhesion in flow {#feb212142-sec-0009}
--------------------

*Plasmodium falciparum*‐infected erythrocytes display complex cytoadhesion phenotypes that include tumbling, rolling, and firm adhesion depending on the receptor--ligand interaction (Fig. [1](#feb212142-fig-0001){ref-type="fig"}). They firmly attach to CD36 and CSA, but roll over surfaces containing ICAM 1 and P‐selectin at physiological wall shear stresses, as shown in flow chamber assays [78](#feb212142-bib-0078){ref-type="ref"}, [79](#feb212142-bib-0079){ref-type="ref"}, [80](#feb212142-bib-0080){ref-type="ref"}, [81](#feb212142-bib-0081){ref-type="ref"} (Fig. [1](#feb212142-fig-0001){ref-type="fig"}). Both rolling and firm adhesion can be observed in flow experiments using endothelial cells that express multiple receptors, such as ICAM1 and CD36 [80](#feb212142-bib-0080){ref-type="ref"}. Li *et al*. [82](#feb212142-bib-0082){ref-type="ref"} measured the interaction of parasitized erythrocytes with surface‐coated CD36 and thrombosporin (TSP). They found that TSP initiates the cell adhesion before they firmly adhere to CD36 [82](#feb212142-bib-0082){ref-type="ref"}.

In a recent development, Rieger *et al*. [8](#feb212142-bib-0008){ref-type="ref"} have studied adhesion of *P. falciparum*‐infected erythrocytes to artificial membranes coated with CSA under variable hydrodynamic conditions. They found that the number of adhering cells first increases and then decreases as the wall shear stress increases. Since this behavior is reminiscent of stress‐enhanced adhesion in other systems, Rieger *et al*. [8](#feb212142-bib-0008){ref-type="ref"} proposed that the interaction between PfEMP1 and CSA behaves like a catch bond when stressed by a tensile force. Shear‐enhanced adhesion is also evident for rolling adhesion of parasitized erythrocytes to ICAM‐1 [78](#feb212142-bib-0078){ref-type="ref"}, [80](#feb212142-bib-0080){ref-type="ref"}, suggesting that it might be a feature common to different PfEMP1/receptor interactions. Shear force‐enhanced bonds might have evolved as sensors for those blood vessels that provide optimal hydrodynamic and nutritional conditions for parasite growth and propagation. Consistent with this conclusion, Rieger *et al*. reported that the wall shear stress of 0.2 ± 0.1 Pa that affords optimal adhesion of parasitized erythrocytes to CSA in *in vitro* flow experiments corresponds to the hydrodynamic conditions present in the intervillous space of the placenta where CSA‐binding parasite sequester in high numbers during primigravidae [8](#feb212142-bib-0008){ref-type="ref"}, [83](#feb212142-bib-0083){ref-type="ref"}. In subsequent pregnancies, mothers and their unborn children are protected from placental malaria by acquired antibody‐mediated immune responses directed against parasite populations expressing the CSA‐binding PfEMP1 variant [83](#feb212142-bib-0083){ref-type="ref"}.

The receptor density not only modulates the efficiency of cytoadherence, it is a defining factor of whether productive cytoadhesive bonds are formed in flow or not. In the case of CSA, *P. falciparum*‐infected erythrocytes adhered to CSA only when the distance between neighboring CSA molecules is less than 15 nm, corresponding to 4400 CSA molecules per square micrometer [8](#feb212142-bib-0008){ref-type="ref"}. This affords cytoadhesion of *P. falciparum*‐infected erythrocytes in the placental intervillous space, where the CSA density is high, and not elsewhere in the microvasculature where the CSA content on endothelial cells is low---mainly confined to single CSA units attached to thrombomodulin [84](#feb212142-bib-0084){ref-type="ref"}.

A recent study has examined rolling of *P. falciparum*‐infected erythrocytes over ICAM‐1‐coated surfaces as a function of the capillary size, using microfluidic devices [85](#feb212142-bib-0085){ref-type="ref"}. Unexpectedly, cytoadherence was reduced in channels the size of an erythrocyte, compared to wider vessels [85](#feb212142-bib-0085){ref-type="ref"}. This finding might challenge the long held view that the first capillaries to clog *in vivo* during a *P. falciparum* infection are the very fine microvessels.

Some studies have attempted to quantify the adhesion force between parasitized erythrocytes and endothelial cells or receptor‐coated surfaces, by exposing adherent parasitized erythrocytes to gradually increasing wall shear stresses and determining the pressure (τ~50~) at which 50% of the cells detach [78](#feb212142-bib-0078){ref-type="ref"}. For cytoadherence to CSA, this value is approximately 1.3 Pa [8](#feb212142-bib-0008){ref-type="ref"}, [81](#feb212142-bib-0081){ref-type="ref"}, [86](#feb212142-bib-0086){ref-type="ref"}. Interestingly, the wall shear stress at which 50% of the cells detach from CSA‐coated surfaces depends on the receptor density in a manner that suggests cooperative binding [8](#feb212142-bib-0008){ref-type="ref"}. Whether binding of PfEMP1 variants to other host receptors is also cooperative remains to be seen.

By attaching infected erythrocyte to an AFM cantilever and then bringing them in contact with endothelial cells, Davis *et al*. [87](#feb212142-bib-0087){ref-type="ref"} found that the adhesion force from the formation of single or multiple bonds with CD36 is initially in the range of 167 ± 208 pN. Once an initial contact is made, the adhesion force increases by five to sixfold through a signal pathway that leads to CD36 clustering and actin recruitment and polymerization at the focal point of cytoadhesion [87](#feb212142-bib-0087){ref-type="ref"}. The newly formed actin filaments are thought to reinforce the interacting CD36 molecules, by anchoring them to the cytoskeleton such that they withstand the shear forces from flow [88](#feb212142-bib-0088){ref-type="ref"}. Other studies have pointed out that the adhesion strength increases with parasite maturation and decreases when the temperature is raised from 37 °C to 41 °C [89](#feb212142-bib-0089){ref-type="ref"}, [90](#feb212142-bib-0090){ref-type="ref"}.

Modeling cytoadhesion of *P. falciparum*‐infected erythrocytes {#feb212142-sec-0010}
--------------------------------------------------------------

Modeling adhesive dynamics of infected erythrocytes requires prior knowledge of cell mechanics and the corresponding physical parameters, such as the elastic Young\'s modulus. In addition, modeling requires mesoscopic models of the shape of infected erythrocytes and of the fluid flow.

The shape of an infected erythrocyte changes dramatically as the parasite matures. For the first 20 h of parasite development the host cell largely maintains its biconcave discoid shape, although a slight deformation is visible at the periphery of the host cell where the parasite resides. This quiescent phase is followed by a phase of volume increase brought about by the activation of parasite‐encoded solute channels in the host cell plasma membrane [91](#feb212142-bib-0091){ref-type="ref"}, [92](#feb212142-bib-0092){ref-type="ref"}, [93](#feb212142-bib-0093){ref-type="ref"}. These new permeation pathways lead to an influx of Na^+^, Cl^−^, and osmotic water. As the host cell swells due to the Na^+^‐driven fluid gain, it changes its shape form a biconcave discoid to a sphere [91](#feb212142-bib-0091){ref-type="ref"}, [94](#feb212142-bib-0094){ref-type="ref"}. For characterizing these temporal changes in host cell volume, several microscopic methods have been used [95](#feb212142-bib-0095){ref-type="ref"}, [96](#feb212142-bib-0096){ref-type="ref"}. For instance, 3D models of surface‐rendered views have been obtained from consecutive serial stacks of confocal fluorescence images [94](#feb212142-bib-0094){ref-type="ref"}, providing information regarding surface area and volume. However, only structures larger than 200 nm can be resolved by conventional microscopy. As the size of the knobs is in the range between 90 and 150 nm, with the distance between the knobs varying between 130 and 220 nm [22](#feb212142-bib-0022){ref-type="ref"}, standard optical microscopy is not suitable for analyzing these fine structures. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) have recently provided detailed images and quantitative information regarding knob morphology and size, showing that there is a wide range of knob densities depending on the parasite strain and the type of host erythrocyte [8](#feb212142-bib-0008){ref-type="ref"}, [22](#feb212142-bib-0022){ref-type="ref"}, [97](#feb212142-bib-0097){ref-type="ref"}, [98](#feb212142-bib-0098){ref-type="ref"}. For instance, parasitized erythrocytes containing the sickle cell hemoglobin S or hemoglobin C (in which glutamic acid at position 6 in β‐globin is substituted by valine and lysine, respectively) display abnormally enlarged and dispersed knobs [99](#feb212142-bib-0099){ref-type="ref"}, [100](#feb212142-bib-0100){ref-type="ref"}. These aberrations have been associated with the reduced cytoadherence displayed by these infected hemoglobinopathic erythrocytes [99](#feb212142-bib-0099){ref-type="ref"}, [100](#feb212142-bib-0100){ref-type="ref"}. Moreover, aberrant knob formation and impaired cytoadhesion might underpin the mechanism by which these hemoglobinopathies protect carriers from severe malaria [101](#feb212142-bib-0101){ref-type="ref"}, [102](#feb212142-bib-0102){ref-type="ref"}.

As a result of the numerous parasite‐induced alterations, the elastic moduli of the host plasma membrane changes during intraerythrocytic development. For instance, the parasite reorganizes the actin of the host cell, mining it from the junctional complexes of the membrane skeleton and using it to generate long actin filaments required for vesicular transport of adhesins and other virulence factors from Maurer\'s clefts (unilamellar membrane profiles of parasite origin in the cytoplasm of the host cell) to the erythrocyte surface [34](#feb212142-bib-0034){ref-type="ref"}, [103](#feb212142-bib-0103){ref-type="ref"}, [104](#feb212142-bib-0104){ref-type="ref"}. As a result of actin mining and other parasite‐induced modifications of the host cell\'s membrane skeleton, the original spectrin network is broken down and reorganized in the form of spectrin aggregates around the knobs, as shown by AFM imaging [98](#feb212142-bib-0098){ref-type="ref"}. As a consequence of actin and spectrin remodeling and due to the generation of knobs, the erythrocyte plasma membrane becomes stiffer and less deformable [98](#feb212142-bib-0098){ref-type="ref"}. Using an optical stretcher, Mauritz *et al*. [105](#feb212142-bib-0105){ref-type="ref"} detected that the infected erythrocytes have a reduced ability to stretch as compared to uninfected erythrocytes.

Mesoscopic models for red blood cell shape {#feb212142-sec-0011}
------------------------------------------

Study of adhesive dynamics in flow requires mesoscopic modeling of red blood cells. Mesoscopic or coarse‐grained models of any biological system consider lower resolution subunits. One such class of mesoscopic model is a bead‐spring network model where the 3D shape is represented by a triangulated network of beads connected via springs. Using this approach, the red blood cell shape has been modeled at the spectrin level (Fig. [5](#feb212142-fig-0005){ref-type="fig"}A,B) [106](#feb212142-bib-0106){ref-type="ref"}, [107](#feb212142-bib-0107){ref-type="ref"}, [108](#feb212142-bib-0108){ref-type="ref"}, [109](#feb212142-bib-0109){ref-type="ref"}, [110](#feb212142-bib-0110){ref-type="ref"}. The positions of the beads or vertices are given by **x** ~*j*~. The total surface area of an erythrocyte is the sum of areas of individual triangles, *A* ~*i*~, and the total volume is the sum of volumes contributed by each triangle, $\left( {{\hat{n}}_{i} \cdot \mathbf{x}_{i}} \right)A_{i}/3$. The total free energy of the system is,

![(A) Equilibrium shape of a model red blood cell generated using the mesoscopic model by Li *et al*. [109](#feb212142-bib-0109){ref-type="ref"} for 5000 vertices. The total volume and surface area was constrained to 80 μm^3^ and 135 μm^2^, respectively. (B) Triangulated lattice in which beads are connected by springs. C. Snapshots of rolling uninfected and infected erythrocytes. (i) Snapshots of rolling uninfected erythrocytes are shown. The blue dots are markers on the membrane. (ii) Snapshots of flipping infected erythrocytes (uninfected erythrocytes with high Young\'s modulus) are shown. (iii) Snapshots of flipping infected erythrocytes with rigid parasite particles inside are shown. Figure reproduced from Ref [120](#feb212142-bib-0120){ref-type="ref"}.](FEB2-590-1955-g005){#feb212142-fig-0005}

$$\mathcal{F}{({\{\mathbf{x}_{j}\}})} = \mathcal{F}_{{in} - {plane}} + \mathcal{F}_{bend} + \mathcal{F}_{area} + \mathcal{F}_{volume}$$where $\mathcal{F}_{area}$ conserves the total surface area of the cell and $\mathcal{F}_{volume}$ conserves the total volume of the cell. Both $\mathcal{F}_{area}$ and $\mathcal{F}_{volume}$ are implemented as harmonic potentials about *A* ~0~ and *V* ~0~ with rigidity factors *k* ~volume~ and *k* ~area~, which set the strengths of the constraining potentials for surface area and volume, respectively, where *A* ~0~ and *V* ~0~ are total surface area and total volume of the cell, respectively.

The equilibrium length of the edge is *ℓ* ~0~. The total bending energy is written as, $$\mathcal{F}_{bend} = \sum\limits_{i}\mathit{\kappa}_{b}\left( {1 - \cos\left( {\theta_{i} - \theta_{0}} \right)} \right)$$where θ~*i*~ is the angle between the normals of adjacent triangles, *κ* ~*b*~ is the bending constant, and θ~0~ is the spontaneous curvature angle. The bending constant, *κ* ~*b*~, is related to the bending moduli of the lipid membrane, *κ* ~*c*~, as $\mathit{\kappa}_{b} = 2\sqrt{3}\mathit{\kappa}_{c}$ [108](#feb212142-bib-0108){ref-type="ref"}, [109](#feb212142-bib-0109){ref-type="ref"}. The last term in free energy $\mathcal{F}_{{in} - {plane}}$ is the elastic energy stored in the membrane. It is written as the sum of the elastic energy stored in spectrin links and the hydrostatic elastic energy stored in each triangle. It is written as$$\mathcal{F}_{{in} - {plane}} = \sum\limits_{i}^{links}V_{s}{(\ell_{i})} + \sum\limits_{i}^{triangles}\frac{C_{q}}{A_{i}^{q}}$$

For *V* ~*s*~(*ℓ* ~*i*~), there exists many nonlinear spring models such as the Worm‐like Chain model (WLC) and the Finitely Extensible Non‐linear Elastic (FENE) polymer model [111](#feb212142-bib-0111){ref-type="ref"}. In the second term, *C* ~*q*~ is a constant that depends on spring parameters [108](#feb212142-bib-0108){ref-type="ref"}, [109](#feb212142-bib-0109){ref-type="ref"} and *q* is an exponent that is chosen to be 1. The elastic moduli, such as Young\'s modulus and shear modulus, can be deduced in model parameters using a linear analysis. Figure [5](#feb212142-fig-0005){ref-type="fig"}A shows the equilibrium shape of a model red blood cell for 5000 vertices, a total volume constrained to *V* ~0~ = 80 μm^3^, and a total surface area of *S* ~0~ = 135 μm^2^. The currently considered mesoscopic model contains a fixed network, meaning that it does not consider the fluid nature of lipid membranes. Noguchi and Gompper took this into account by employing dynamically triangulated lattices [112](#feb212142-bib-0112){ref-type="ref"}, [113](#feb212142-bib-0113){ref-type="ref"}. Recently, it has been shown that the surface properties of erythrocytes are also strongly determined by active elements (e.g., ion pumps) in the membrane [114](#feb212142-bib-0114){ref-type="ref"}.

Modeling adhesion of parasitized erythrocyte under flow {#feb212142-sec-0012}
-------------------------------------------------------

There are several coarse‐grained or mesoscopic models of fluid, such as Multi Particle Collision Dynamics (MPCD) [115](#feb212142-bib-0115){ref-type="ref"} and Dissipative Particle Dynamics (DPD) [116](#feb212142-bib-0116){ref-type="ref"}. MPCD and DPD are off‐lattice particle‐based simulation techniques to model the fluid. Noguchi and Gompper [113](#feb212142-bib-0113){ref-type="ref"} used MPCD for simulating the fluid along with a dynamically triangulated network model for red blood cells to study the shape transitions under capillary flow. The dynamics of solvent particles was coupled to the dynamics of membrane vertices, by including membrane vertices in solvent exchange of momentum step [117](#feb212142-bib-0117){ref-type="ref"}, [118](#feb212142-bib-0118){ref-type="ref"}. They found that model red blood cells transform from nonaxis symmetric discocyte shapes to axis symmetric parachute shapes in capillary flow and that the speed of this transition decreases with increasing elastic moduli, such as the bending modulus and the shear modulus. Fedosov *et al*. [108](#feb212142-bib-0108){ref-type="ref"} simulated the mechanics and the dynamics of model red blood cells in flow, using the DPD method. The external solvent makes bounce‐back interactions with the membrane, separating the internal and external solvent and preserving no‐slip boundary conditions at the membrane. The membrane and solvent dynamics are linked via viscous force coupling.

Fedosov *et al*. [119](#feb212142-bib-0119){ref-type="ref"}, [120](#feb212142-bib-0120){ref-type="ref"} extended the approach to the adhesion of infected erythrocytes. Different dynamical states were recovered, such as firm adhesion, rolling adhesion, and flipping motion. Infected erythrocytes were modeled by increasing the membrane stiffness in relation to uninfected red blood cells and by placing solid particles mimicking the intracellular parasite inside the host cell cytosol. In Fig. [5](#feb212142-fig-0005){ref-type="fig"}C, the different adhesive behaviors of uninfected and infected erythrocytes are illustrated. Model uninfected erythrocytes change from rolling motion to flipping behavior when the Young\'s modulus is increased three times. Irregular flipping dynamics is observed when rigid particles are placed inside the erythrocyte cytosol as models for the parasite. Thus, the transition from rolling to flipping is due to increased stiffness and the presence of an intracellular rigid parasite.

Hosseini *et al*. modeled infected erythrocytes at the schizont stage based on uninfected red blood cells with an internal spherical rigid parasite to simulate stretching of the cell as observed using optical tweezers [121](#feb212142-bib-0121){ref-type="ref"}, [122](#feb212142-bib-0122){ref-type="ref"}. They found that the deformability of the cell under external force decreases owing to the increased stiffness and the presence of the internal parasite.

Conclusions and perspectives {#feb212142-sec-0013}
============================

Leukocyte rolling adhesion and extravasation is a widely investigated subject in biophysics, cell biology, and immunology. In comparison, the biophysical interactions of infected red blood cells with the endothelium are much less explored in spite of the medical relevance for the pathophysiology of malaria. Table [1](#feb212142-tbl-0001){ref-type="table-wrap"} provides an overview of the main differences between the two systems as discussed here. It is evident that, despite the striking similarities that might have evolved due to the physical limitations of cytoadhesion in flow, there are also marked differences that certainly matter for the biological function. Overall the leukocytes seems to be better adapted to cell capture in shear flow, as evidenced by the round shape, the mechanical design of the microvilli and the molecular properties of the different members of the selectin family. Together, these elements lead to a cascade of adhesion events that ensures efficient and specific cell capture. In direct comparision, the adhesive knobs of the infected erythrocyte, which are less elevated and stiffer than the microvilli, seem to be less efficient in this regard, possibly because the biological function does not require high effectivity or specificity. On the other hand, their large number and complex composition and architecture suggest that the situation is more complex, for example, involving interactions with the endothelium and the immune system that we do not yet fully understand.

While there has recently been substantial progress in our understanding of the cytoadherence of *P. falciparum*‐infected erythrocytes in flow, there are still open questions and technical and methodological challenges to be met before this important pathological behavior of parasitized erythrocytes can be appreciated in its full complexity. From the comparison conducted in this review, it is evident that the mechanics of infected erythrocytes is crucial to a deeper insight into interactions with the endothelium. However, the mesoscopic shape model of parasitized erythrocytes needs to be improved as current models do not yet consider the effect of the knobs or temporal changes in host erythrocyte shape during the course of intracellular parasite development. In a recent development, Zhang *et al*. [123](#feb212142-bib-0123){ref-type="ref"} have approached this gap in understanding, by calculating the shear modulus of infected erythrocytes, using a coarse‐grained model where the lipid bilayer and the spectrin network were modeled separately and connected with vertical linkage. The knobs were simulated by circular areas with increased membrane stiffness and more connections with the spectrin network [123](#feb212142-bib-0123){ref-type="ref"}. Such modeling advances have to be pushed further in the future as empirical data on the relevant parameters become available.

There is further a gap in our knowledge about the number of PfEMP1 molecules on the host cell surface and how many PfEMP1 molecules are present per knob. It is further not fully understood how they are displayed in knobs and with which factors they interact in these protrusions. Single‐molecule counting in combination with super‐resolution microscopy might help address these questions. First experiments using various super‐resolution microscopic techniques \[including stimulated emission microscopy (STED), photo‐activated localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM), and structional illumination microscopy (SIM)\] are encouraging [124](#feb212142-bib-0124){ref-type="ref"}, [125](#feb212142-bib-0125){ref-type="ref"}, [126](#feb212142-bib-0126){ref-type="ref"}, promising novel insights into host erythrocyte shape, knob formation, and PfEMP1 assembly and presentation in the near future. Other techniques that might help elucidate the mechanical properties of the host cell membrane include flicker microscopy, which has recently been used to study the effect of endotoxins on uninfected erythrocytes [127](#feb212142-bib-0127){ref-type="ref"}. A central aspect here will be the role of passive versus active contributions to the flickering spectrum [114](#feb212142-bib-0114){ref-type="ref"}. For example, it might well be that the stiffening observed for infected erythrocytes not only results from the remodeling of the spectrin network but also from changes in the cellular metabolism by the parasite. While we have first information regarding the adhesion strength at the whole cell level, the contribution of single‐molecule bonds is unclear. Here, single‐molecule force measurements using atomic force microscopy are anticipated to resolve this issue, following the lead in other systems [128](#feb212142-bib-0128){ref-type="ref"}. Once such results are available, they can be used for adhesive dynamics simulations for cell capture from the flow.

Another pending question pertains to cytoadhesion and flow dynamics of parasitized hemoglobinopathic erythrocytes. As mentioned above carriers of the sickle cell hemoglobins S and C are protected from severe malaria (which explains why these hemoglobin polymorphisms are highly prevalent in malaria‐endemic areas). Carriers are not sterile to infection. In fact, they can have parasitemias as high as those seen in patients with normal hemoglobin. However, they are less likely to develop cerebral malaria and to die from severe complications [102](#feb212142-bib-0102){ref-type="ref"}. These hemoglobinopathic erythrocytes, and also fetal and α‐thalassemic erythrocytes (which also protect from severe malaria), possess fewer and abnormally large knobs on their surface than wild‐type erythrocytes, when infected with *P. falciparum* [99](#feb212142-bib-0099){ref-type="ref"}, [100](#feb212142-bib-0100){ref-type="ref"}, [102](#feb212142-bib-0102){ref-type="ref"}, [129](#feb212142-bib-0129){ref-type="ref"}, [130](#feb212142-bib-0130){ref-type="ref"}, [131](#feb212142-bib-0131){ref-type="ref"}, [132](#feb212142-bib-0132){ref-type="ref"}. In addition, the amount of PfEMP1 molecules presented is reduced and aberrantly displayed [99](#feb212142-bib-0099){ref-type="ref"}, [100](#feb212142-bib-0100){ref-type="ref"}, [130](#feb212142-bib-0130){ref-type="ref"}. How sickle cell hemoglobins S and C affect knob formation and cytoadherence is largely unclear as are the ramifications of the aberrant knob morphology and density for the interaction of these parasitized hemoglobinopathic erythrocytes with the microvascular endothelial lining in flow. Do they bind to endothelial cells with sufficient strength to activate the endothelium? If the adhesion strength is insufficient to trigger the life‐threatening downstream inflammatory events, as recently proposed [130](#feb212142-bib-0130){ref-type="ref"}, then this might explain the malaria‐protective trait of hemoglobinopathic and fetal erythrocytes.

Understanding cytoadhesion dynamics of leukocytes has substantially benefited from computational modeling and the application of biophysical methods and approaches. In the case of parasitized erythrocytes, this research is still at its infancy. However, progress is anticipated to accelerate given the ability of the malaria community to implement novel techniques and to learn from the experience gained in other fields.
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